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Escherichia coli and related enteric bacteria respond to a wide range of pH stresses by regulating gene expression (for reviews see references 21 and 68) and protein profiles (73, 82) . Enteric bacteria encounter a wide range of external pHs in their natural habitat, the human digestive tract (17) . Colonization of the intestine requires transient survival through the stomach at pH 1 to 2 (fasting) or 2 to 7 (transiently, during feeding) (18) , as well as exposure to pancreatic secretions at pH 10 (25) followed by growth and persistence at a range of external pHs of 5 to 8 (20) . Growth at a pH substantially higher or lower than the cytoplasmic pH 7.6 induces protective responses with two fundamental aims: to maintain internal pH homeostasis and to prepare the cell to survive future exposure to more extreme pH conditions (below pH 5 or above pH 9) that no longer permit growth (11, 41, 70) .
The effects of pH on enteric bacteria contribute to disease. Low pH enhances expression of numerous virulence factors, such as the ToxR-ToxT virulence regulon in Vibrio cholerae (7) , the phoP-phoQ regulon of Salmonella enterica (6) , and the pH 6 antigen of Yersinia pestis (50) . Acid stress contributes to food preservation; many food preservatives are membranepermeant acids whose uptake is enhanced by acid (60) , and acid interacts in complex ways with both temperature and organic food preservatives (65) .
While growth in acid challenges pH homeostasis, the pH difference across the inner cell membrane (⌬pH) nevertheless contributes cell energy in the form of proton potential or proton motive force (⌬p). The proton potential powers motility, ATP synthesis, and catabolite transport (for a review see reference 29) . But low pH also amplifies the uptake of membrane-permeant acids that dissipate the proton potential (59) . Thus, we expect low pH to induce a combination of positive and negative responses.
Much of bacterial catabolism affects pH, and in E. coli a growing number of catabolic enzymes and catabolite transporters are known to be regulated by pH (21, 73) . Sugar fermentation initially generates short-chain acids that are excreted but accumulate and reenter the cytoplasm, causing acidification. Thus, it is not surprising that sugar transporters such as OmpF and the maltose regulon are down-regulated at low pH (13) . Consumption of acids by the tricarboxylic acid (TCA) cycle causes alkalinization, a common result of growth to stationary phase in tryptone-based media (66, 73) . Catabolism of amino acids by decarboxylases generates alkaline amines, which help the cell counteract external acidification, for example, the lysine and arginine decarboxylases (4, 27, 45, 47, 71). High pH, however, induces deaminases that generate acids, such as tryptophan deaminase (tnaAB) and serine deaminase (sda) (9, 73, 82) .
A complicated case is that of the glutamic acid decarboxylase genes gadA and gadBC (12, 44) . The gad system enables cells to survive extreme acid (77) , but its expression is induced mainly at high pH, or in Luria-Bertani medium grown to stationary phase, where pH naturally increases (73, 82 ). An alternative role of gad, particularly under anaerobiosis, may be to channel its product ␥-aminobutyric acid into fermentation acids.
Even mild acid (pH 6 to 7) greatly amplifies the uptake of membrane-permeant weak acids such as acetate. Permeant acids pass through the bacterial membrane and dissociate in the cytoplasm, causing accumulation of anions and depression of internal pH (34, 56) . Acetate concentrations rise as cell density increases, and acetate induces a large number of genes and proteins (3, 35) . Growth inhibition occurs as a result of both lower internal pH and the differential ability of anions to inhibit metabolism (60) . The effect of permeant acids is critical in the human colon, where the concentration of short-chain fatty acids totals approximately 100 mM (15) .
While numerous responses to pH stress are known, the mechanisms by which E. coli maintains its internal pH at 7.6 remain poorly understood. The electron transport chain pumps protons outside the cell, and the H ϩ -ATPase either exports or imports protons, but mutants in these components maintain pH homeostasis. There is evidence that potassium exchange contributes to pH homeostasis in external acid (5, 10, 52, 80) , but the precise mechanisms remain unclear. At high pH, the electrical potential (⌬) is diminished in order to compensate for the inverted ⌬pH. The sodium-proton antiporter NhaA contributes to internal pH maintenance under sodium stress (24, 75) . High pH also induces major stress systems such as heat shock response (1, 28, 74) , the SOS regulon (63) , and the CpxP envelope stress response (16) .
At more extreme pH values, well below the growth range (as low as pH 1.5 for clinical isolates) E. coli can retain viability for many hours, a phenomenon termed acid survival or acid resistance. Acid resistance is enhanced by many genes induced during growth at the acid end of the pH range (pH 5) or growth to stationary phase. Acid-induced acid resistance factors include periplasmic chaperones such as the hdeA product (23) , envelope proteins such as OsmY, and redox modulators such as Tpx (73, 78) . A complex acid resistance regulon including the gad system is regulated by transcription factors GadX-GadW and EvgA-YdeO, as well as by RpoS, H-NS, and cyclic AMP (11, 12, 44, 79) . E. coli also exhibits base resistance, the ability to survive at or above pH 10 (58, 70) . Base resistance requires rpoS and components of the gad system (30) .
Finally, pH may affect flagellar motility, although the present picture is unclear. According to one report, growth in acid represses flagellar genes and eliminates motility (72) , whereas another group finds motility enhanced by acetate and propionate, which cause acid stress (53) .
To investigate acid and base response, we used microarrays to compare E. coli gene expression at low, neutral, or high external pH. Past microarray studies of pH response have been limited by their absence of pH conditions above pH 7 (44, 78) ; their use of glucose minimal medium (78), in which many catabolic genes are repressed; and their focus on only a single acid resistance regulon (44) . Our experimental design included both acid and base conditions, as well as pH 7.0. For each growth condition, five independent cultures were hybridized separately, a number of replicates that ensured detection of virtually all expression ratios of at least twofold. The coregulation of numerous genes within operons confirmed the biological relevance of our expression ratios. Our study revealed unexpected patterns of pH response and clarified the overlap of pH stress with other stress responses.
MATERIALS AND METHODS
Growth conditions. E. coli K-12 strain W3110 (R. VanBogelen and F. Neidhardt) was grown overnight in unbuffered potassium-modified Luria broth (LBK) (10 g of tryptone/liter, 5 g of yeast extract/liter, 7.45 g of KCl/liter). For pH-controlled growth, media were buffered with 100 mM homopiperazine-N,NЈ-bis-2-(ethanesulfonic acid) (HOMOPIPES) (pK a , 4.55 and 8.12). The pH of the media were adjusted to 5.0, 7.0, or 8.7 with KOH solution to avoid extra sodium ions, which stress cells at high pH (24) . To maximize aeration and maintain logarithmic growth, the overnight culture was diluted 1,000-fold into 12 ml of buffered medium in a 125-ml baffled flask and rotated at 240 rpm. Cultures were grown at 37°C to an optical density at 600 nm of 0.3. For all cultures, the pH was tested after growth to ensure that the values were maintained at Ϯ0.2 pH unit of the pH of the original uninoculated medium.
To observe motility, we used E. coli K-12 strain RP437 and S. enterica serovar Typhimurium SJW1103 from a laboratory in which strains are maintained for motility (M. Macnab). Culture was spotted on tryptone-KCl soft-agar plates (0.35% Bacto Agar) and incubated at 37°C until cells swam out. Culture was picked from the leading edge of the swimming cells and inoculated into LBK for overnight growth. For quantitative assay of motility, 5 l of culture was spotted in triplicate on plates containing tryptone-KCl with 100 mM sulfonate buffer of appropriate pK a (73) . After growth for 8 h, the diameter of motile cell growth was measured.
RNA isolation. Bacterial RNA was isolated using the Qiagen RNeasy kit with on-column DNA digestion (Qiagen), with additional DNA removal with Ambion DNase. To perform this additional DNase digestion, RNA was precipitated and redissolved in 85 l of nuclease-free water. We then added 10 l of 10ϫ DNase I buffer and 5 l of (1-U/l) DNase I (Ambion). The DNase reaction mixture was incubated at 37°C for 30 min and then chilled on ice. A second RNeasy column purification was performed.
cDNA preparation and array hybridization. For microarrays, standard methods were used for cDNA synthesis, fragmentation, and end-terminus biotin labeling, based on Affymetrix protocols. Labeled cDNA was hybridized to E. coli Affymetrix Antisense Genome Arrays. Hybridized arrays were stained with streptavidin-phycoerythrin with the use of the Affymetrix Fluidic Station. After staining, arrays were scanned with a GC2500 scanner.
Statistical analysis of gene expression. The experiment was designed so as to minimize both false-positive and false-negative results for expressed genes. Five full replicates (with respect to E. coli growth, RNA isolation, sample preparation, and array hybridization) were performed for each pH condition.
The median within-group variance in expression for all genes in the data set was 0.031 (or standard deviation, 0.175). To test for significant differences in expression between the pH classes, one-way analysis of variance (ANOVA) was performed at a significance level of 0.001; thus, of every thousand genes tested, only one false positive would be expected. For a gene with average within-group variability, our sample size provided statistical power of 98% to detect a twofold difference in gene expression among pH groups. That is, only 2% of genes that show a twofold difference in expression between any two pH groups would be missed (false negatives).
Model-based expression analysis with dChip software (40) was performed on the probe-level data from Affymetrix's DAT files. The model relates target RNA levels to the probe signals by a linear function that weights the significance of all oligonucleotide probes for each gene. The analysis includes normalization, which rescales data from different arrays so that comparisons can be made among arrays. Each array was normalized to a baseline array from a pH 7 culture, by using local regression on an invariant set of probes (62) . Model-based expression indices were calculated for each gene on each array by using only the perfect match probes (61) , and outlier detection was performed (39) . Only probe sets that received an Affymetrix call of "present" on greater than 50% of the arrays were used in subsequent analyses. "Present" or "absent" calls use information from paired perfect-match and single-base-mismatch probes. Four thousand six hundred fifty probe sets passed this criterion.
For genes whose probe sets passed the 50% screen, one-way ANOVA was performed on the log 2 -transformed model-based expression indices, on a geneby-gene basis. For each gene that displayed significant differences in expression among the classes, pairwise comparisons of pH classes were determined using Tukey's multiple comparisons procedure to control the familywise error rate for the t test.
Additional analyses were performed to explore categories of differential gene expression. Global relationships among arrays were visualized by performing a principal component analysis (81) on the expression data and plotting arrays in two-dimensional space corresponding to the first two principal components. The gene expression profiles of the arrays were visualized in two-dimensional Euclidian space, by using BRB ArrayTools software. In addition, categories of differential expression profiles across the pH classes were generated by a hierarchical cluster analysis of differentially expressed genes, based on the average linkage method (19) with BRB ArrayTools.
RESULTS
Growth range of pH. To study the full range of pH response, we selected the widest pH range (pH 5.0 to 8.7) in which cultures maintained reasonable doubling times and approximately constant pH throughout growth. Culture media were adjusted to pH 5.0, 7.0, and 8.7. The doubling time for E. coli cultured at pH 5.0 and 8.7 was approximately 25 min and at pH 7.0 was 18 min. All cultures were grown to an optical density of 0.3 in order to facilitate at least five complete replications. The final pH of growth cultures was found to be within Ϯ0.2 of the initial pH. The internal pH of the cytoplasm is approximately 7.6 (69); thus, growth at external pH 7.0 might induce some acid response.
Probe hybridization. To determine differential gene expression, the log 2 transforms of normalized model-based expression values of genes were compared. Of the 7,231 genes and intergenic regions (IGs) on the array, 4,650 loci were detected on more than half (eight or more) of the 15 arrays. These loci, constituting about 70% of the total array, were taken for further analysis.
Principal component analysis. Global relationships among arrays were visualized by performing a principal component analysis (81) on the expression data ( Fig. 1) . Before dimensional reduction, each array existed in 4,650-dimensional space (one dimension for each of the 4,650 intensity values). The array comparisons were plotted in two-dimensional space, corresponding to the first and second principal components of variation. The first principal component for each array is the weighted linear combination of intensity values that shows maximum variation, whereas the second principal component is a weighted linear combination orthogonal to the first component that has maximum variance. The principal component analysis indicated that the microarrays from each of the three pH conditions appeared in distinct groups (Fig. 1) . Within-class variability was small relative to variability among pH levels. The pH 8.7 arrays showed the greatest degree of separation, clustering into two groups based on the date on which the arrays were hybridized, but this difference was small compared to the differences between pH classes.
ANOVA for significance of expression profiles. We compared gene expression among the three pH groups on a geneby-gene basis using one-way ANOVA at a significance level of 0.001. The significance level indicates the probability of a false positive, and we therefore expect 0.001 ϫ 4,650 ϭ 4.65 falsepositive genes (i.e., genes that are not truly differentially expressed but that appear in our differentially expressed list) in our full analysis. Of the 4,650 loci with eight or more "present" calls on arrays, 761 genes and 353 IGs showed a significant F value for differential expression among the three pH classes. Thus, about 17% of E. coli genes showed significant modulation of expression as a function of pH.
Cluster analysis. As a first attempt at categorizing differentially expressed genes, we performed a hierarchical cluster analysis (19) of differentially expressed genes (Fig. 2) . We used average linkage and one minus the centered Pearson correlation as the distance metric. At a correlation value of approximately 0.6, the dendrogram generated six clusters of gene expression profiles.
Within each of the six clusters, the average profiles were determined for all the gene expression indices (log 2 intensity values) across the three pH conditions (Fig. 3) . The clusters were defined by their mean expression profiles across the three pH conditions. The Acid High cluster showed highest expression at pH 5.0, declining at pH 7.0 and 8.7. It included 160 genes and 49 IGs. Acid Low (113 genes, 57 IGs) showed approximately the reverse profile, with its lowest expression at pH 5.0, rising at pH 7.0 and 8.7. Base High (93 genes, 70 IGs) showed low expression at pH 5.0 and 7.0 and higher expression at pH 8.7, whereas Base Low (123 genes, 40 IGs) showed the reverse, higher expression at pH 5.0 and 7.0 than at pH 8.7. The Neutral High cluster (93 genes, 14 IGs) showed highest expression at pH 7.0 and lower expression at both pH extremes. The Neutral Low cluster (181 genes 123 IGs) showed the lowest expression at pH 7.0 and higher expression at both pH extremes, although the mean expression was substantially greater at pH 5.0 than at pH 8.7; a number of acid-induced genes fell in this category. Table 1 lists the genes that fell into each cluster; details of description and Blattner open reading frame (ORF) numbers are available online in Table S1 in the supplemental material. In many cases, all or most of the ORFs in a given operon were induced in the same cluster; see, for example, the atp operon (Base High cluster) and the flg and fli operons (Base Low cluster).
Known acid-induced genes and acid resistance genes such as sucBC and hdeA (73) generally fell under Acid High, Base Low, or Neutral Low, a cluster whose mean expression indices were actually twofold higher in acid than in base (Fig. 3) . These results are generally consistent with the cluster pH profiles and with the structure of the cluster dendrogram, in which the Acid High profile correlates most closely with the Neutral Low profile. Most known base-induced genes, such as alx (ygjT) (8, 73) and tnaA (9) , fell under Base High or Acid Low.
For IGs, the cluster assignment and expression ratios are presented online in Table S2 in the supplemental material. Expression of an IG may result from a small regulatory RNA that lies between protein-encoding genes (2, 43), or it may indicate the tail end of mRNA containing pH-regulated genes. For example, the IGs upstream of tnaC (tnaA leader peptide) and downstream of tnaB both were repressed in acid, as are tnaA and tnaB.
Individual gene expression ratios. For genes whose overall expression profile yielded a significant F value (one-way ANOVA), we used the Tukey procedure to determine ratios of average model-based expression indices from cultures at pH 5.0 versus pH 7.0, at pH 8.7 versus pH 7.0, and at pH 8.7 versus pH 5.0. The full list of individual log 2 expression ratios for all analyzed genes is presented in Table S1 in the supplemental material and for IGs is presented in Table S2 in the supplemental material; for genes of particular interest grouped in functional categories, the data are presented in Tables 3  through 7 . Expression ratios that are significant at ␣ ϭ 0.001 are shown in boldface.
The genes most strongly regulated by pH are summarized in Table 2 . These genes each showed an expression ratio of at least fourfold (log 2 ϭ 2) between two of the pH classes. Note that the two genes most strongly induced in acid are ORFs with no known function, yhcN and yagU. Other acid-induced genes include those for catabolic enzymes in pathways that consume acids, such as sdhCD (succinate dehydrogenase). Genes repressed at high pH include several members of the flagellar regulon, including the main flagellar subunit fliC (for a review see reference 42).
The genes most strongly induced at high pH included tnaC, encoding the tryptophanase leader peptide (26) , as well as tnaA (tryptophanase) and the Trp transporter gene tnaB, with its leader peptide gene tnaC. Previously in proteomic gels, we found tryptophanase to be the most highly expressed protein observed at high pH (9) . The alkali-inducible protease gene cpxP (16) was also strongly induced. Members of the maltose transport regulon (malEKM) were strongly repressed by acid, consistent with previous reports (31, 73) . But proteins strongly induced by base also included those from genes of unknown function, such as yifO and ymgD.
Flagellar and chemotaxis regulons. Motility in E. coli is governed by the flagellar chemotaxis regulon including 50 components in 19 operons, governed by the major regulators FlhC and FlhD (42, 76) . The expression of the regulatory operon flhCD is controlled by numerous environmental response systems, such as adenylate cyclase (37), RcsCDB (22) , and ClpXP (76) .
Nearly all the genes of the flagellar regulons (47 genes) were repressed at high pH (Table 2) . Forty-one genes fell in the Base Low cluster, which means that the bulk of significant expression difference occurred between pH 7.0 and 8.7. (The other six genes were Acid High.) These genes were among the most strongly base-repressed genes in the arrays (Table 2) ; for instance, fliC, encoding the flagellin monomer, had the lowest pH 8.7/pH 7.0 ratio observed, down-regulated about 20-fold ( Table 3) . Some of the che and mot genes showed a relatively small degree of repression in acid compared to that at pH 7.0 but overall were repressed at high pH. The major regulator operon flhCD, however, showed no effect of pH. Thus, either the flhCD probes failed to show up in our arrays or pH may affect expression posttranscriptionally.
Motility assays. The effect of pH on motility was tested by spotting motile cultures of E. coli K-12 RP437 and S. enterica serovar Typhimurium SJW1103 on motility agar buffered at a range of pH values (Fig. 4) . Both species showed a steady decline of motility as pH increased. The decline was particularly steep between pH 7.5 and 8.7.
Catabolism and proton transport. Several enzymes for catabolism of sugars and amino acids show a pH dependence that minimizes acid production at low external pH or maximizes acids at high pH (68, 73) . Our microarrays revealed many new components, showing the broad scope of pH regulation of catabolism (Table 4) .
Many operons encoding processes of glycolysis and the TCA cycle, such as aceEF (pyruvate dehydrogenase), dhaKL (dihydroxyacetone kinase), pta (phosphotransacetylase), and pts (glucose phosphotransferase), showed elevated expression in acid. Others, however, were elevated at high pH. Operons elevated at high pH tended to be those induced by anaerobiosis, such as glpABC (anaerobic glycerol-3-phosphate dehydrogenase), pflBA (anaerobic pyruvate formate lyase), and dcu (anaerobic fumarate respiration). The mal system, however, is strongly repressed by acid (13, 31) and showed up as such in our arrays.
Membrane-bound systems for proton and electron transport were regulated by acid or base along lines largely consistent with their relative degree of export or import of H
ϩ . An example is the atp operon encoding F 1 F o ATP synthase (32), which imports H ϩ during oxidative respiration. Most of the atp genes were strongly upregulated at high pH, whereas ndh and nuo (the NADH dehydrogenases I and II), which export H ϩ , were down-regulated. The sdh gene (succinate dehydrogenase), which contributes electrons for proton export, is also down-regulated at high pH. On the other hand, cytochrome d oxidase (cyd) is expressed in preference to cytochrome o oxidase (cyo) at high pH, presumably because it exports half as many H ϩ per electron (14) . Enzymes for degradation of amino acids showed pH regulation as expected, with high pH favoring deaminase operons such as tna (tryptophan deaminase), sda (serine deaminase), and tdcB (threonine dehydratase). Acid induced only one of the decarboxylase operons, cad (lysine decarboxylase). Several decarboxylases are known to be induced by acid, but their induction is repressed by oxygen (4, 30) , which may explain their absence in our highly aerobic cultures. Oxidative stress and salicylate stress. Several acid stress genes are known to overlap with oxidative stress, for example, the alkyl hydroperoxide reductase ahpC (9, 84) , and certain permeant acids such as salicylate are considered oxidative stress agents (54) . We surveyed our pH-regulated genes for overlap with response to H 2 O 2 , paraquat, and salicylate, as reported in references 54 and 84 (Table 5) .
Of the 73 pH-dependent genes known to be induced by H 2 O 2 , paraquat, or salicylate, virtually all were induced by acid or repressed by base. This finding confirms our hypothesis of a strong connection between acid stress and oxidative stress. It may be that low pH amplifies the toxicity of oxygen radicals.
Genes repressed by paraquat or salicylate were repressed in acid or induced at high pH, such as the base-inducible membrane protein gene alx, the histidine cyclase gene hisF, and outer membrane protein gene ompF. An exception to these generalizations was the maltose regulon (lamB, malE, and malK), which was repressed by acid but induced by paraquat.
Envelope and periplasmic stress. A large part of E. coli function takes place in the outer membrane and envelope (48) and the periplasm (49), compartments essentially exposed to "extracellular" pH. Thus, it is not surprising that several envelope and periplasmic components show pH-dependent expression (16, 23, 73, 82) . Our microarrays revealed an even greater number of such responses (Table 6 ). Both acid and base induction were observed. Acid-induced periplasmic proteins in- cluded the well-known acid chaperone from hdeAB (23), as well as the newly observed TolA-binding protein (ybgF) and the lipoprotein from pal. High pH induced the ferric transporters from fecAB and fhuD, possibly due to low iron solubility at high pH. At high pH, various transport proteins and redox modulators such as that from dsbA are known to be induced. In addition, several additional base-induced periplasmic and envelope proteins appeared, including the vitamin B 12 transporter from btuB, the outer membrane protein from nmpC, and the peptidylprolyl-cis-trans-isomerase from ppiA. Universal stress and heat shock. Various heat shock and universal stress proteins are inducible by the permeant acid benzoate, such as the products of clpB, htpG, dnaK, groS, and uspA (38) . Some of these showed pH response in our microarrays ( Table 7) . The DNA damage response gene uspD was acid induced, as was dps, encoding the DNA-binding protein involved in stationary phase and acid resistance. Acid induced 
DISCUSSION
Overall, our work revealed a large number of genes not previously known to be regulated by pH. Furthermore, many of these genes had no previously known function or response, such as yhcN and yagU (induced by acid) and yifO and ymcG (induced by base).
An important question is to assess the biological relevance of the expression ratios reported (36, 51) . Most of the ratios we reported as significant (boldface in Tables 3 through 7) are greater than twofold (log 2 ϭ 1). In many cases, all or most members of an operon fell in the same cluster and show similar expression profiles; the flagellar regulon was particularly consistent ( Table 3 ). The gene probes are synthesized on the array independently of their operon map; thus, parallel expression profiles within operons do not reflect array position. Note that even genes with significant expression ratios of less than 2 (log 2 ϭ 1) tend to group with their operons. In previous studies, comparison with quantitative reverse transcriptase real-time PCR shows that microarray ratios, while quantitatively consistent, generally underestimate the actual differences in mRNA levels between the biological systems compared (83) .
Flagellar biosynthesis and motility. The effects of pH in flagellar biosynthesis and motility remain poorly understood. It has long been known that low external pH (thus, large ⌬pH) contributes to the proton motive force that drives flagellar rotation (33) . The cytoplasmic pH, however, must remain high; permeant acids such as acetate and benzoate, which depress internal pH and decrease proton motive force, are chemotactic repellents (67) and impair rotation of the flagellar motor (46) . Low pH elicits negative chemotaxis (55, 67) , whereas a pH increase up to 8.3 elicits a positive response (55) .
In recent reports acid stress is associated with low motility (72), yet acetate has been reported to induce the flagellar regulon and enhance motility (53) . We believe that the previous reports are limited in several ways. Reference 72 does not compare pH conditions directly but notes repression of flagellar genes in an hns mutant in which acid resistance is increased. The motility assay is not clearly described, and the acid dependence of flhDC-cat expression was observed on plasmids, not in the genome. Reference 53 reports induction of chromosomal flhDC-lacZ fusions by acetate. Those authors' assays of motility, however, show relatively small differences between pH conditions. Our microarrays showed strong evidence for suppression of motility and chemotaxis at high pH. This evidence was supported by the decrease in motility at high pH, observed for both E. coli and S. enterica serovar Typhimurium, which swims twice as fast as E. coli. We also found weaker evidence for repression of che and mot genes at pH 5, but the flagellar synthesis genes were strongly induced at low pH. Overall, our data point to alkaline suppression of flagellar motility. Work in progress shows that, at high pH, the number of flagella per cell is decreased to one to three per cell (about 20% of normal) (S. Aizawa and J. Slonczewski, unpublished data).
No pH dependence was observed for the flagellar regulators flhD and flhC. On the other hand, in a microarray study of anaerobic cultures, flhD and flhC are induced by acid (E. Hayes and J. L. Slonczewski, unpublished data). Acid induction of these regulators would be consistent with the report of their induction by acetate (53) . We did see acid induction of two known activators of flhDC: adenylate cyclase cyaA (37) (Acid High) and dnaK-dnaJ-grpE (64) (Base Low). We saw no acid induction of other flagellar activators such as crp (37) , nor did we see alkaline induction of the negative flagellar regulator rcsCDB (22) . An alternative model is that pH regulation of the flagellar regulon is mediated by proteolysis, as in the case of ClpXP proteolysis of FlhD and FlhC (76) . We find that ClpX is downregulated at high pH (Base Low cluster), but a different protease could be involved.
Catabolism. The picture of catabolism is more complicated, but in general our expression ratios confirm our present hypotheses of pH regulation while extending our knowledge to many more components. Systems that consume acids are enhanced at low pH. On the other hand, initial import and breakdown of some sugars, such as maltose, are favored at high pH, where they may quickly generate a large burst of fermentation acids.
With respect to proton export, E. coli appears to prefer components such as ATP synthase that import protons at high pH (counteracting the alkaline stress on cytoplasmic pH) and prefers to minimize proton export associated with the terminal oxidase cyd in preference to cyo. This observation is consistent with the previous report that cyd expression is higher at pH 7.5 than at pH 5.0 in an fnr mutant (14) , although in those experiments cyo expression also increased with pH. It is likely that our broader range of pH classes (up to pH 8.7) provided a clearer picture of pH regulation of cyo and cyd.
Under amino acid catabolism, relatively few new components of pH response were observed. This makes sense, because most amino acid decarboxylases are repressed by oxygen (4, 68), as are deaminases such as sdaA (82) . In preliminary experiments, we have repeated our microarray study on cultures grown anaerobically. Under anaerobiosis, several amino acid decarboxylases and deaminases show pH-dependent expression (Hayes and Slonczewski, unpublished). Stress responses. Several stress responses are known to interact with pH stress and pH resistance, including oxidative stress, heat shock, and envelope stress (for reviews see references 21 and 68). The overlap with salicylate stress could be explained in part by salicylate's effect as a permeant acid, stressing internal pH (60) . The mar drug resistance operon is known to be coinduced by aromatic permeant acids and low pH (69) under regulation by MarR as well as by the superoxide regulator SoxRA (57).
Beyond salicylate, however, a large number of oxidative stress genes inducible by H 2 O 2 or by paraquat showed significant pH-dependent expression, nearly all induced by acid or repressed by base. This finding confirms our hypothesis of a strong connection between acid stress and oxidative stress. Since so much of aerobic respiration is stepped up at pH 5, including cytochrome o oxidase, it is likely that acid conditions accelerate the production of oxygen radicals, thus inducing a partial oxidative stress response.
Various envelope and periplasmic stress responses are induced by acid, contributing to acid resistance; the best characterized in terms of mechanism is the acid-induced periplasmic chaperone HdeA (23) . Extracellular acid induces a dimer-tomonomer transition in HdeA, which then suppresses aggrega- tion by acid-denatured proteins. Our study reveals additional potential contributors to acid resistance and base resistance, including genes of unknown function such as yhcN, induced by acid, and yceI, induced by base. Our study presents the most comprehensive picture to date of acid and base response by E. coli grown aerobically in complex medium. Overall, low pH accelerates acid consumption and proton export, while coinducing oxidative stress, possibly through increased production of oxygen radicals. High pH accelerates proton import while repressing the energy-expensive systems of flagellar biosynthesis and chemotaxis. Finally, pH differentially regulates a large number of periplasmic and envelope stress systems, as well as transporters, chaperones, and redox regulators. 
